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Abstract
Sunflower, Helianthus annuus, is one of the most important oilseed crop in the
world. Oil from the seeds is prized for its' exceptional quality and flavor. Despite this,
sunflowers have been forced onto marginal lands often on semi-arid and non-fertile soil,
due to disease pressures and economics making it critical to produce more resilient lines
and varieties to withstand these new stresses.

The recent availability of the sunflower

genome can allow genome-wide characterization of gene families. Stable transformation
protocols, which can be used for characterization studies, have been developed for H.

annuus using Agrobacterium tumefaciens, but they produce low efficiency and are time
consuming. For this reason, very few functional studies have been done in the sunflower.
Composite plants, produced using Agrobacterium rhizogenes, are plants with transgenic
'hairy' roots and wild type shoots.

Composite plants offer benefits over creating fully

transgenic plants, namely time and cost. With plant transformation usually being the rate
limiting step for gene functional studies of non-model plants, composite plants can alleviate
this bottleneck. Originally produced in vitro, the method developed here outlines a less
expensive ex vitro alternative to produce composite sunflowers for study. The critical steps
and parameters are outlined and discussed further herein. The testing of more than a dozen
genotypes validates the utility and efficiency of this protocol.

We also study the

performance of three constitutive promoters for the expression of genes of interest. The
functional characterization of a

root specific transcription factor HaLBD 16, via

overexpression and RNAi silencing, further reinforce the utility of the system.
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OVERVIEW
Helianthus annuus, the common sunflower is one of a small suite of crops native

to North America (Putnam

et

al., 1990). Sunflowers are widely used in Russia, Europe,

and the Middle East, where the oil from sunflowers is prized for its health benefits and
mild flavor (Davey and Jan, 2010; Putnam et al., 1990). Modern sunflower seeds contain
high levels of oleic acid and up to 1 8% protein which can be incorporated into a variety of
products to improve human nutrition (Skoric, 2009). Although high-oil producing lines
have been experimented with since the 1940s in the United States, it was not until the late
1960s that production increased quickly (Robertson, 1972). Up to this time sunflowers
were grown nationally with the Midwest being the primary source of production. As new
high-oil producing lines became available from outside sources sunflower production
found itself relegated to the northern Midwest and as an emergency crop in the South
(Robertson, 1972). High-oil producing lines, originating in Russia, are a large part of the
comeback the sunflower crop experienced in the United States during the 1970s in large
part due to increased yields and disease resistance (Mandel et al., 2011; Robertson, 1972).
With the increased concern for the health of bees in the northern hemisphere (Oainat et al.,
2012), sunflowers offer an important food source to these insects, providing both nectar
and pollen (Skoric, 2009). In the past three decades sunflower acreage in the United States
has declined due to an increase in transgenic options in other row crops, namely corn and
soybeans, and an increase in foreign production (Swearingin, 1990).
With a decrease in export demand sunflowers have been pushed onto more
marginal land where they are more likely to encounter abiotic stresses (Putnam et al., 1 990)
and where their production is limited (Skoric, 2014). Being grown in mostly semi-arid

1

areas, the sunflower is relatively resistant to a wide range of temperatures from hot to cold.
Sunflowers are more readily adapted to cold with seedlings often surviving freezing
temperatures. Semi-arid conditions also often subject sunflowers to drought (Putnam el

al., 1990). Drought and soil salinity are two major factors that influence the emergence
and establishment of sunflower seedlings (Kaya et al.,

2006).

The genus Helianthus has long served as a model of hybrid-speciation for
evolutionary biology. In plant science, the sunflower is often a model for the development
of inflorescences (Badouin et al., 2017). Even with this interest, coupled with its economic
importance (Kane et al.,

201 1 ) progress in assembling a reference genome has been slow.

Sunflowers possess many, long, and highly similar DNA repeats (Badouin et al.,
Kane et al.,

201 1 ;

Kane et al.,

2013) which

2017;

make sequencing and assembling its genome

an arduous task. The large genome size of 3.6 gigabases made it cost prohibitive, until
recently, to sequence the genome of the sunflower (Kane et al.,
availability of a reference genome (Badouin et al.,

2017)

The recent

for the sunflower will increase

the utility of expressed sequence tags already available (Lai et al.,

2007).

2011) .

2005;

Church et al.,

This reference genome will allow for the determination of gene loci, the

identification of gene family sizes, and help to reveal promoter and intron sequences
(Badouin el al.,

2017;

Kane et al.,

2011).

Sunflowers thrive in a variety of soils due to their adaptable root system (Goodman
and Ennos,

1999).

Root systems of higher plants typically consist of a primary root

developed from the embryo and lateral roots which develop later (Monzon et al.,

2012).

Root growth and morphology are influenced by a wide va1iety of environmental cues, such
as water and nutrient availability (Monzon et al.,

2

20 12;

Malamy,

2005).

Sunflowers

produce strong and highly branched root systems in both heavy clay soil and lighter soils
making them a good choice as a crop in a large number of areas (Goodman and Ennos,
1 999). Sunflowers perform satisfactorily under drought conditions; the plants themselves
are not considered drought tolerant but possess an extensive root system. This highly
branched taproot system typically penetrates the ground up to 2 meters (Putnam et al.,
1 990). Because of their prolific taproot sunflowers have been shown to extract water from
depths that other crops simply cannot exploit, making them ideal crops to follow irrigated
crops in a rotational series (Berrada and Schneekloth, 2013).
Functional studies have been used to characterize genes that lead to helpful
discoveries for crop plants. In rice, PSTOLI (phosphorous starvation tolerance) when
over-expressed improves yield and biomass production on soil poor in phosphorous
(Kochian, 2012). Genes for the increase in root depth have also been identified. DROI,
deeper rooting 1 , is a gene that when expressed in cultivars previously known for shallow
root architecture increases deep rooting and overall yield by approximately ten percent
(Arai-Sanoh et al., 2014). With the sunflower genome recently published (Badouin et al.,
2017) there is great opportunity to perform functional studies to identify genes that may
have similar impacts on productivity in the future.
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AIM AND OBJECTIVES

The main aim of this work was to develop an efficient method to produce composite
sunflowers. Composite plants are chimeric in nature, having transgenic roots and wild
type shoots. Composite plants offer a time-saving alternative to the often laborious and
inefficient stable genetic transformations produced in tissue culture. Throughout this work
we aim to both establish the method and add credibility to it.

Objectives

1.

To optimize a protocol for production of transgenic roots using Agrobacterium
rhizogenes strain K599.

2.

To identify genotypes with high transformation efficiency.

3.

To study the efficiency of commonly used constitutive promoters, namely tobacco
cryptic promoter (tCUP), Arabidopsis thaliana ubiquitin 1 0 promoter with its first
intron (Ubi 10), and Cauliflower Mosaic Virus 35S promoter (CaMV35S).

4.

To apply the composite plants protocol for functional characterization of the root
specific transcription factor gene, HaLBD 16.

4

CHAPTER l

PROTOCOL FOR COMPOSITE SUNFLOWER PLANTS

1 . 1 INTRODUCTION
Protocols for genetic transformation using a tissue culture step exist for many
species, but they require special equipment and trained personnel and often lack efficiency
(Collier et al., 2005). Eliminating the tissue culture step, coined the ex vitro method, allows
for a decrease in time for the production of transgenic plant material and an alternative to
producing stable transgenic lines (Collier et al., 2005; Estrada-Navarrete et al., 2006). A
significant reduction in plant production cost means that large scale gene characterization
studies can be implemented efficiently (Collier et al., 2005; Michalec-Warzecha et al.,
2016).
Stable genetic transformation protocols using Agrobacterium tumefaciens to
transform Heliantlws annuus exist but they present low efficiencies (Sujatha et al., 2012)
and therefore are not well suited to medium-high throughput functional characterization
studies (reviewed in(Davey and Jan, 20 l 0). Reasons for such low efficiencies in stable
transformation methods for the sunflower include prolonged time in tissue culture, low
rates of plant regeneration, precocious flowering, and reproducibility ofthe protocols being
used (Sujatha et al., 2012). For these reasons there have been very few functional studies
involving transgenic Helianthus to date (Hewezi et al., 2006; Rousselin et al., 2002).
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When genes involved in root biology are under investigation, like those associated
with water and nutrient uptake, A. rhizogenes can be used to bypass traditional labor
intensive and costly stable genetic transformation methods (Kereszt et al., 2007).

A. rhizogenes is a gram negative soil-borne bacterium that induces hairy root
formation upon wounding and subsequent infection of a variety of host plants (Chandra,

2 0 1 2 ; Ron et al., 201 4). This is due to the stable integration of T-DNA, which codes for
specific root making genes (rol genes) cani.ed on the Ri plasmid (Schmulling et al., 1988;
Sinkar et al., 1 988), into the host plant cell (Chandra, 2 0 1 2). With this remarkable ability

A. rhizogenes can be used for a number of different kinds of studies, which are reviewed
in Georgiev et al. (201 2) and includes nodulation, mycorrhization, phytoremediation,
rooting of recalcitrant species, and others.

A. rhizogenes is somewhat less used than its counterpart A. tumefaciens, which
causes crown gall disease (White et al., 1982). Plant tissues infected with A. tumefaciens
grow characteristically large calli. A. rhizogenes is characterized by prolific hairy root
growth on affected tissues (White et al., 1 982). A tumefaciens mediated transformation
result in calli f01med that must then be cultured until explants appear (Lupotto et al., 1 999;
Hosokawa et al., 1 997).

A. rhizogenes is more versatile and can be used to produce

explants from callus cultures, hairy root cultures, or composite plants (Collier et al., 2005;
Taylor et al., 2006; Hosokawa et al., 1 997).
Composite plants offer a cheap and efficient way to develop transgenic tissues
(Taylor et al., 2006; Collier et al., 2005). Sunflowers do not have an ex vitro method of
composite plant generation.

Ex vitro composite plants are developed outside of tissue

culture using sugarless media and non-sterile plant tissues (Collier et al., 2005).
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Since

sugar based media is not used for composite plant production non-sterile plant tissues can
be used (Taylor et al., 2006). Composite plants also require materials that are inexpensive
and readily available (Taylor et al., 2006). Composite plants produced in this method are
tolerant to less stringently controlled environments (Collier et al., 2005).

Ex vitro

composite plant production could allow for a rapid expansion in functional genomic studies
in recalcitrant plants (Collier et al., 2005). Given efficient root transformation, composite
plants are an alternative to stable transgenic lines (Estrada-Navarrete et al., 2006).
Inexpensive composite plants are vital for the continuation of sunflower functional genetics
studies.
A. rhizogenes strain K599 is highly virulent and effective for transformations across

a wide variety of plant species (Collier et al., 2005). A. rhizogenes strain A4 is a popular
strain that contains the agropine-type Ri plasmid (Hosokawa et al., 1997). Agropine type
Ri plasmids contain a split T-DNA (Ozyigit et al., 2013). K599 contains a cucumopine
type Ri plasmid which has a single T-DNA (Veena and Taylor, 2007; Ozyigit et al., 2013).
The benefit of strains like K599 is in part due to its T-DNA that lacks auxin synthesis genes
(Veena and Taylor, 2007; Ozyigjt et al., 2013). Agropine type plasmids like those found
in A4 contain auxin genes that produce hairy roots that exhibit atypical features, such as
agravitropism (Ozyigit et al., 2013).

K599 lacks these genes and therefore typically

produces roots that resemble non-transgenic roots much more closely (Ozyigit et al., 20 1 3).
K599 has been shown to readily transform 1 4 plant species across nine families (Collier et
al., 2005). The strain ofA. rhizogenes K599 is extremely virulent making it an ideal choice

for transformation optimization studies (Mankin et al., 2007).
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1.2 MATERIALS AND METHODS
1.2.1 Consumables and chemicals

Chemicals used were purchased through Sigma-Aldrich (St. Louis, MO) or Fisher
Scientific (Pittsburgh, PA). Reagents for GUS staining and antibiotics were purchased from
GoldBio (Olivette, MO).

Caisson boxes were ordered directly from Caisson Labs

(Smithfield, UT). Rockwool was purchased from PowerGrow Systems (Vineyard, UT).
All water used in experiments was purified with the Milli-Q Reagent System (Millipore,
Billerica, MA).
1.2.2 Plant Material
Helianthus annuus seeds (Peredovik) were ordered from the USDA National Plant

Germplasm System (ID number P l 650338). Seeds were received in March of 2016 and
planted in garden beds in the greenhouse courtyard at Eastern Illinois University in May.
Special care was taken to isolate flowers during pollination to maintain pure lines.
Peredovik, however, is an open-pollinated variety, so three or four flowers of the same
variety were uncovered for a short time each day and cross-pollinated by hand to produce
viable seeds. Seed heads were harvested in the middle of September 2016 and cleaned by
hand. After cleaning, seeds were stored at 4°C with a desiccant until needed.
1.2.3 Agrobacterium strain and Plasmid Construct

The binary vector used to deliver GUSPlus (Jefferson Richard A. and Mayer Jorge
E., 1 999) into sunflower was p0RE-E4 (Coutu et al., 2007). This plasmid uses a plant
promoter tCUP that is constitutive meaning it is expressed at a relatively constant level.
GUSPlus was inserted in a multiple cloning site (MCS) after this promoter and expressed
in the sunflower.
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A. rhizogenes strain K599 (Mankin et al., 2007) was used to infect the hypocotyls
of sunflowers. A. rhizogenes K599 with p0RE-E4 GUS Plus (Fig I . I ) (Coutu et al., 2007)
binary vector was grown in Luria-Bertani (LB) media containing streptomycin (Str) at 100
µg/mL·' and kanamycin (Km) at 50 µg/mL·1• Stock K599 cells were refreshed for two
days at 28°C and 225 rpm. About 24 hours before plant transformations a portion of the
refreshed stock was transferred to a final culture volume containing the same antibiotics
and was left to shake at 28°C and 225 rpm.
1.2.4 Seed germination and A. rhiwgenes inoculation
Seeds were rinsed for 10-15 minutes in de-ionized water then placed in a 1.6%
sodium hypochlorite solution for 20 minutes and agitated continuously. Three separate
changes of autoclaved de-ionized water for 10 minutes each were used to remove all
residual bleach. Clean seeds were evenly spaced in small plastic pots containing Pro-mix
potting soil and watered regularly with deionized water. Seedlings were grown under grow
lights with 16 h light and 8 h dark. Just after reaching the VE stage, defined as emergence
of the seedling with the first true leaves smaller than 4 cm (Schneiter and Miller, 1981),
seedlings were cut below the cotyledons and placed in Rockwool plugs, 2.5 cm x 2.5 cm x
4 cm tall, and soaked with 9 mLA. rhizogenes solution containing 1/4 MS salts (Murashige
and Skoog, 1 962) and Gamborg's vitamins (Gamborg et al., 1968). Explants were grown
under the same lighting conditions for two weeks and watered until water pooled at the
bottom of the boxes every other day.
1.2.S Plant cultivation after hairy root emergence

After two weeks explants were removed from Rockwool. Explants with well
formed teratomas were placed in vermiculite for an additional l 0 days to allow transgenic
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root development. After l 0 days in venniculite, plants were removed and stained with
GUS staining solution to detennine the proportion of transgenic roots present.
In one trial, plants were placed in soil after removal of non-transgenic roots. These
plants were grown to maturity and seeds were collected to detennine the viability of the
composite plants.
1.2.6 Jl- Glucuronidase detection

To verify transgenic roots, plants' teratomas and roots were removed from the
shoots of explants and placed into GUS solution (Table 1.1) overnight at room
temperature.
5,5'-dibromo- 4,4'-dichloro-indigo

X-Gluc + � glucuronidase
{Soluble, Colorless)

�>

{Insoluble, Colored)

GUS staining solution was prepared according to the requirements outlined in Vitha et al.,
(1995). The enzymatic reaction was stopped the following morning by replacing GUS
solution with 70% ethanol (Vitha et al., 1995). Ethanol was replaced as needed until all
soluble pigments had been removed from plant material. Transgenic roots were then
quantified by visual selection.
1.2.7 Statistical Analysis

For statistical analysis using SPSS, ANOVA was run using a Levene's test to check for
homogeneity of variance. Significance value was determined as p<0.05. Microsoft Excel
201 6 was used to produce graphs.
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Table 1.1: Ingredients for GUS staining solution
Volume/Mass

Ingredients

X-Gluc

1 00 mg
,

Methanol

2 mL

l M PQ4 pH7

10 mL

0.1 M Potassium ferrocyanide

2 mL

0.1 M Potassium ferricyanide

2 mL

10% Triton X-100

1 mL

Water

83 mL

Total

lOO mL

1.3 RESULTS
1.3.l Protocol optimization: Explant Health

Development of this protocol was done experimentally using Taylor et al. (2006)
as a template. The first change made to the procedure for Helianthus annuus was the
removal of the drying step. The original protocol asserted that drying to the wilting stage
was necessary for a proper transformation to occur. After trials with the drying step
resulted in wilted plants that never recovered, the drying step was removed from the
protocol (Fig. 1.2).
Instead, four Rockwool plugs were placed in Caisson boxes and sealed with vent
top lids (Fig. 1.3). These lids keep humidity high but allow for drying to occur at a slower
pace than the wilting step. When sealed in the Caisson boxes, even with the vent-top lids,
humidity reached a critical point that encouraged the growth of mold. To stop the growth
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of any contaminants that may have entered either on the plants themselves or by result of
performing the transformation, lids were removed from the boxes after three days and
watered every 48 hours until they were removed from the Rockwool. This greatly reduces
the ability for fungi to spread throughout the boxes; by allowing the plugs to dry for 24
hours before being watered again most cases of :fungal infection were eliminated.
It was observed that sterilization increased cases of bacterial stem wilt, a disease
that rarely affects sunflower seedlings, but likely persisted in small, protected areas of the
hulls of the seeds. When planted un-sterilized in Pro-mix potting soil, no cases of bacterial
stem wilt were observed.
The original protocol (Taylor et al., 2006) outlined an optical density between 0.20.5 OD6oo. After trying transformations at higher optical densities, those approaching 0.5

OD6oo, seedlings had what is called a hypersensitivity response (Kuta and Tripathi, 2005).
Hypersensitivity happens when the cells directly infected with Agrobacterium die (Sujatha
et al., 2012) results in a seedling that turns black from the base and moves up the hypocotyl.

After some experimentation it was determined that sunflowers require a lower optical
density of bacteria. At high densities it is common to see 50% mortality in sunflower
seedlings. An OD600 0.2-0.3 provided good transformation efficiency, and no plants were
lost due to hypersensitivity.
Throughout the early trials testing the transformability of H

annuus,

cotyledons

were left attached to the plants. Peredovik, an open-pollinated variety of sunflower, has
large cotyledons and because of this they fit poorly into the Caisson boxes (Fig. 1.4). If
cotyledons touch the walls of the Caisson boxes disease usually sets in. Therefore,
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cotyledons were removed from Peredovik plants to ensure their health throughout the
transformation.
Cotyledons were initially removed to better facilitate the placement of seedlings
into Caisson boxes for transformation. It was observed that seedlings appeared healthier
when cotyledons were removed, and were more vigorous and less prone to disease. The
average number of adventitious roots also showed a significant drop when cotyledons were
removed (Fig 1.5).
J.3.2 Protocol optimization: Transformation efficiency

Many protocols, including the basis of this protocol (Taylor el al., 2006), advise using the
stem tissue of mature plants (Taylor el al., 2006; Collier et al., 2005). It was found that
sunflower transformations provided better efficiency using hypocotyls (Everett et al.,
1987). When using hypocotyls, 8 out of l 0 plants readily formed teratomas. When using

mature stem tissue no plants formed teratomas
Auxins, in the form of IBA (indole 3-butyric acid), are often helpful in the
formation of roots and can increase transgenic root formation (Li and Leung, 2003). ln our
case, IBA had a negligible effect on the formation of transgenic roots but did increase the
number of non-transgenic adventitious roots the average plant formed. IBA provided no
increase in transgenic roots and increased the proportion of non-transgenic roots so the
treatment with IBA was not used (Fig. 1.6).
After two weeks in the Rockwool, post inoculation, plants were stripped of all non
transgenic roots (Fig. 1.7). Transgenic roots were determined by light staining with GUS
solution (Fig. 1.8). Plants were left in GUS staining solution for 2 hours or until light blue
was apparent in transgenic roots. Roots not showing any blue were removed.
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Using GUSPlus that is exuded outside the cell as a selective marker, roots were
lightly stained in early trials to determine which were transgenic and which were not. In
subsequent trials it was determined that any roots longer than 2 cm were not transgenic.
Roots not originating from the teratoma were also removed regardless of length.
Transgenic root development was slower in this initial phase than the development of
adventitious roots as the development of a teratoma is required before roots will stru1 to
grow. The removal of nearly all the roots developed during the two weeks in the Rockwool
allowed the transgenic roots time to developed on a scale similar to that of the adventitious
roots that developed when placed in the vermiculite. Explants were then removed from
vermiculite and washed. Teratomas and attached roots were then stained overnight in GUS
staining solution to determine the transformation efficiency (Fig 1.9).
Composite plants were grown to maturity in soil in 4" trade pots. These plants flowered
and produced seeds. With an average of about 1 2 seeds per plant ( 1 2±9), seeds were then
planted to determine viability. Out of 25 seeds planted to test seed viability, 24 germinated
and grew into healthy seedlings. Complete development is outlined in Fig 1.10 from
flowering to seeds produced from composite plants.

1 .4 DISCUSSION
The efficacy of using this protocol for all varieties of the sunflower was the ultimate
goal. However, during the early stages, the variety Peredovik, showed an affinity to the
transformation process, making it easier to improve the protocol. Peredovik is an older,
open-pollinated variety originally developed in USSR (Arias and Rieseberg, 1995).
Peredovik was chosen because it has been the variety of choice across multiple fields of
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study (Macias et al., 2002; Lin et al., 1975; Albourie et al., 1998). Peredovik shows a good
response to A. rhizogenes with the development of a large teratoma and multiple transgenic
roots.
After poor results with the drying step from the original protocol (Collier et al., 2005;
Taylor et al., 2006) drying was not used. Sterilization of seeds was also not used and
instead clean seeds (those with no visible contamination) were used to produce explants.
Similarly, protocols that use stem cuttings for transformations have no sterilization process
(Collier et al., 2005; Taylor et al., 2006).
Seedlings subjected to high densities of A. rhizogenes suffered from a
hypersensitivity reaction (Kuta and Tripathi, 2005) and the subsequent optical density was
lowered to a level that sunflower seedlings would better tolerate. Sunflowers have been
shown to have a defense response when subjected to infection with Agrobacterium (Zhang
and Finer, 20 I 6). To reduce these plant defense responses the bacterial titer was lowered
to a point at which hypersensitivity was no longer observed. Longer co-culture with low
levels of Agrobacterium proved effective for the shoot production in sunflowers (Zhang
and Finer, 2 0 1 6).
Cotyledons were removed originally to prevent disease but it was discovered that
removing cotyledons significantly reduced the number of adventitious roots that developed
on explants (Fig. 1.5). This makes removal from Rockwool easier and reduces the total
number of roots thereby increasing the proportion of transgenic roots. Hypocotyls were
determined to be the most responsive tissue for transformations (Benzie et al., 201 5).
Sunflowers are also determinant in their flowering (Sujatha et al., 2 0 1 2 ) so it is critical to
start the transformation process as quickly as possible.
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Auxin is a plant ho1mone that typically induces rooting and has been reported to
increase the development of transgenic roots when combined with A. rhizogenes (Li and
Leung, 2003; Rugini et al., 1 99 1 ). The rooting hormone IBA showed no positive effect on
the induction of transgenic roots, and had no effect on the overall proportion of transgenic
to non-transgenic roots that developed (Fig 1.6), so it was not used further in the protocol.
Removing non-transgenic roots 2 weeks after transformation (Fig 1.8) and allowing
explants to grow for another 2 weeks in vermiculite allows for the formation of larger
transgenic roots. Initially transgenic root formation was slow, as the teratoma needs time
to develop before root primordia emerged. However, by this time sunflower explants
typically have formed adventitious roots that are support the needs of the plant. By
removing non-transgenic roots and allowing them to grow for 1 0 - 1 4 days, transgenic roots
were noticeably larger than those coming directly from the Rockwool (Fig. 1 .9).
The GUS reporter system (GUS: P-glucuronidase) is a reporter gene system used
in plant molecular biology principally to determine promoter activity.

Isolated from

Escherichia coli, P-glucuronidase (GUS) is a hydro lase enzyme that cleaves a variety of P

glucuronides (Jefferson et al., 1987). GUS requires the processing of samples by grinding
or some other physical means to be detected (Jefferson et al., 1987). Expression of GUS
can be measured using fluorometric assays of small amounts of tissue (Jefferson et al.,
1987). GUSPlus produces a protein that is up to ten-fold more sensitive than the original
GUS system (Jefferson Richard A. and Mayer Jorge E., 1 999; Broothaerts et al., 2005).
Originating from a Staphylococcus bacte1ium, the inse1tion of an intron from the castor
bean catalase gene into GUSPlus prevents expression in bacteria (Broothaerts et al., 2005).
The GUSPlus used also contains a rice glycine-rich signal peptide causing the P-
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glucuronidase to be excreted into extracellular space making detection much easier because
the enzyme is exuded outside the cell (Liu et al., 2003). To show the health and normal
development of composite plants, they were grown to maturity. Plants grown in soil
reached the flowering stage and developed seeds. This trial shows that plants developed
using this system are viable.

1.5 CONCLUSION

Composite plants are a fast and efficient way to perform characterization studies in
roots of many non-model plants (Collier et al., 2005; Colpaert et al., 2008; Estrada
Navarrete et al., 2006; Plasencia et al., 2016; Taylor et al., 2006).

With the recent

availability of the sunflower genome there is a need for a system in which to perform
functional studies efficiently. A cost effective and time efficient way to generate transgenic
tissue for studies is with composite plants via inoculation with A. rhizogenes. With the
protocol developed here functional characterizations can be carried out in Helianthus
annuus with efficiency and in a short time span (-2 months). This has the potential to

characterize many new candidate genes regulating root development and stress adaptation.
Outlined below is the product of the experimental work of this chapter

Protocol for hairy root production in Helianthus amiuus (Fig 1.11)

Planting seeds
Using deionized water and potting soil prepare a seedbed.
After the soil is lightly packed into a tray gently press the sunflower seeds in
until they are just below the surface.
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o

It is helpful to face seeds radicle down to improve germination and
uniformity among seedlings.

Cover lightly with a fine layer of soil, and water carefully so as not to uncover
the newly planted seeds.
Place seed trays under a grow light for 1 .5 to 2 weeks at 25±3°C.
A. rhizogenes preparation

- Estimate three days before the first set of true leaves reach 4 cm in length, refresh
the A. rhizogenes stock culture and let it incubate at 28°C at 225 rpm for 2 days.
- 1 day before seedlings reach ideal size use lmL of stock culture for every l 0 mL
of final culture required for the trial.
1 0 m L of final culture volume will normally cover about 1 0 plants.
Incubate at the same temperature and rpm for 24 hours.
Transformations
- Sterilize Caisson boxes with vent top lids and Rockwool plugs already in place.
It is easiest to press holes into Rockwool before sterilizing using a clean l mL pipet
tip.
Spin down the bacteria at 3300g for l 0 min at room temperature and re-suspend
in � MS with vitamins.
Under a sterile hood, dilute the bacteria to an OD of 0.2 at 600 nm using more
of the � MS
Typically a 13x dilution will suffice.
After the proper density is achieved apply 9 mL of the bacterial solution to each
Rockwool plug that has already had a hole pressed into it.
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Using scissors remove cotyledons and cut the seedling 2-4 cm from the base of
the first true leaves. Using forceps gently press the seedling into the Rockwool
taking care to not pierce the hypocotyl.
After all 4 individuals are in the Caisson box cap with a vent top lid and set
them under a grow light for 3 days undisturbed.
After 3 days, to reduce humidity and threat of disease it is best to uncap the
boxes and set the lids ajar on top of the boxes.
Water every other day or as the plugs begin to dry.
Removal from Rockwool
After 1 4 days remove the Rockwool from the sunflowers. This can be achieved
with two dissecting needles.
- Note: Removal is easier if the Caisson boxes are flooded with water for 6-8
hours before removal, this softens the Rockwool and allows roots to be removed
undamaged.
Remove obvious adventitious roots.
o

Anything of great size or not originating from the teratoma is unlikely
to be transgenic.

Place the sunflowers into a Caisson box with vermiculite and keep them
watered for

2

weeks.

Transgenic roots can be identified using selective

markers, such as GUS.
After 5 days in vermiculite fertilize each Caisson box with 5mL of full strength MS
media to produce more vigorous plants.
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Figure 1.1: T-DNA region of pORE-E4. Visualization of the T-DNA region from
pORE-E4 plasmid that is incorporated into the plants used for transformations.

Figure 1.2: Drying step of transformation protocol. Plants placed i n Petri plate and
allowed to dry to wilting. Seedlings typically do not recover.
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Figure 1.3: Plants placed in Caisson box after inoculation. Explants in Caisson boxes
stay capped with vent-top lids for three days to maintain high humidity. Plants stay in
Rockwool plugs for two weeks before removal.
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Figure 1.4: Appropriate seedling maturity for transformations. Optimal seedling
maturity when the first two true leaves are 2-3 cm long. (Left) shows a seedling with
cotyledons intact, (Right) shows the same seedling with cotyledons removed and ready for
transformation.
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Cotyledons Removed
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Figure 1.5: Effect of Cotyledons presence on root formation. Average number of
adventitious wild-type roots showing a significant decrease when cotyledons were
removed (* p-value 0.02 1).

AU

plants were grown under 1 6 h light and

8

h dark for the

duration of the experiment. Values are averages of 1 2 explants for cotyledons removed
and 1 0 for cotyledons intact ±SE.
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Figure 1.6: Effect of IBA on root formation. Average number of adventitious roots
showing non-significant differences between a treatment that moved explants to new
Rockwool plugs treated with IBA after 3 days in co-cultivation and the treatment that
moved explants to plugs with only

V.. MS media after three days of co-cultivation

with A.

rhizogenes. Values are averages of 8 explants for 3-day IBA and 3-day no IBA ±SE.
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Figure 1.7: Composite plant removed from Rockwool. Removal of Rockwool with
dissecting needles, care is taken not to damage the explants or the transgenic roots
emanating from the base of the teratoma. Adventitious roots, those originating from the
hypocotyl, can be torn or cut from the explant to allow for easier removal.
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Figure 1.8: Removal of non-transgenic roots. Adventitious roots being removed from
composite plants after removal from Rockwool. Only small transgenic roots originating
from the teratoma remain.
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Figure 1.9: fl-Glucoronidase detection in transgenic roots. Unstained roots and stained
roots of the same explant. Note, large highly branched roots are non-transgenic.
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Figure 1.10: Complete development of composite plant grown in soil. Composite plant
grown in soil, and seeds that were produced from it. (a,) Fertile flower starting pollination,
(b,) dry flower bead with seeds around the periphery, (c,) seeds from composite plant.
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Figure 1 . 1 1 : Timeline for composite sunflower production. Shows the rough timeline
to be expected when producing composite sunflowers using this method.
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CHAPTER 2

TESTING OF GENOTYPES AND PROMOTERS

2.1 INTRODUCTION

Transformation protocols are available for a wide variety of plants (Sujatha et al.,
2012; Hoffmann et al., 1 997; Lee et al., 2004; Han et al., 2000). Hairy root production

using A. rhizogenes has been reported in numerous plant families (Estrada-Navarrete et al.,
2006; Colpaert et al., 2008; Plasencia et al., 2016; Ron et al., 2014). Composite plants

have become a useful and economically efficient tool for functional genomic studies
(Collier et al., 2005; Taylor et al., 2006; Estrada-Navarrete et al., 2006). Agrobacterium
transformations while often very effective can be influenced by certain factors that lower
overall efficiency (Frame et al., 2006; Lee et al., 2004).
Genotype dependence is one limiting factor for the overall scope ofAgrobacterium
mediated transformations (Frame et al., 2006; Lee et al., 2004; Han et al., 2000). Often,
one or a few cultivars or varieties show an affinity to transformation while others remain
recalcitrant (Han et al., 2000; Jin et al., 2006; Hoffmann et al., 1 997; Heeres et al., 2002).
In some plants, cultivars have even shown high variation in transfom1ability between
experiments (Heeres et al., 2002; Lee et al., 2004). Transformation efficiency has been
observed to be genotype-dependent in sunflower (Sujatha et al., 2012). Some varieties
have been used with limited success (Rao and Rohini, 1 999). For example, RHA 280
showed 20% shoot production (Zhang and Finer, 20 1 6) and up to 30% (Benzie et al., 201 5).
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introduction of genes-of-interest into plant cells have become a vital tool for plant
biologists for functional gene studies (Yoo et al., 2005).

During transfonnation

experiments positive selection of transgenic plants vs. non-transgenic plants are crucial
(Angenon et al., 1 994). The tCUP promoter is a cryptic regulatory element isolated from
tobacco (Wu et al., 2001; Wu et al., 2003; Malik et al., 2002; Foster et al., 1 999; Coutu et
al., 2007). Cryptic gene regulatory elements are present in all organisms (Wu et al., 2003;

Fobert et al., 1994). Though they are inactive in their native locations they have the
capacity to activate gene expression when placed strategically near genes (Wu et al., 2003).
Most eukaryotic promoters contain a TATA box sequence upstream of the transcription
site which aids in the initiation of transcription (Wu et al., 2001). If promoters lack a
TATA box, it is possible for them to contain an initiator element (Inr), which can also
perform the functions of a TATA box (Wu et al., 2001; Javahery et al., 1 994). The tCUP
promoter lacks a TATA box, but possesses a sequence closely resembling the Inr region
(Foster et al., 1 999; Wu et al., 2001 ). The tCUP promoter is active in a variety of plants
including Arabidopsis thaliana, canola, tobacco, alfalfa (Malik et al., 2002) at expression
levels that are similar to CaMV35S (Coutu et al., 2007).
The CaMV35S, Cauliflower Mosaic Virus, promoter is very active in a number of
plant species, and has been used to drive expression of selective marker and reporter genes
(Zheng et al., 2007; Fits and Memelink, 1 997). The Cauliflower Mosaic Virus promoter
is considered to be a strong constitutive promoter that is active in a range of species far
outside the viruses typical host range (Setemes el al., 2016). Duplication of the CaMV35S
promoter yields significantly higher transcription rates than the original promoter (Kay et
al., 1987).

The CaMV35S promoter effectively puts its downstream gene outside of
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regulatory control of the host genome, which allows it to express the gene two to three
orders of magnitude higher, thus allowing for strong positive selection (Yoo et al., 2005).
Ubiquitin is a small and highly conserved protein that is present in all eukaryotes
(Ozkaynak et al., 1987). The ubiquitin promoter, isolated from A. thaliana, is used for
moderate expression of downstream genes ubiquitously (Norris et al., 1 993). UBQI 0 has
been reported to show homogenous expression throughout tissue types and at earlier
developmental stages than CaMV35S is detectable (Geidner et al., 2009). Expression
levels are more moderate than CaMV35S in most plants but still readily detectable
(Geidner et al., 2009).
Three promoters were tested to show that multiple promoters work with the system
created. The plasmid p0RE-E4 contains the tCUP promoter that is constitutive in tobacco.
The pUBQ I O plasmid contains the ubiquitin promoter. The pMDC32 plasmid contains a
double CaMV35S promoter.

2.2 MATERIALS AND METHODS
2.2.1 Plant Materials
Helianthus annuus seeds were ordered from the USDA National Plant Germplasm

System. Seeds were received in March of 2 0 1 6 and planted in garden beds in the
greenhouse courtyard at Eastern Illinois University in May. Special care was taken to
isolate flowers during pollination to maintain pure lines in self-pollinated varieties. In
open-pollinated varieties like Peredovik three to four flowers of the same variety were
uncovered and cross-pollinated by hand to obtain viable seeds. Seeds were then harvested
in mid-September 20 1 6 and cleaned by hand.
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They were then stored at 4°C with a

desiccant until needed.

H. annuus seeds ofthe Mammoth variety were bought from a local

garden supply store as they are a commonly planted as decorative flowers in summer, and
were stored under the same conditions. Thirteen genotypes were tested for transformation
efficiency (Table 2.1).

Table 2.1: Sunflower (Helianthus annuus) genotypes (U.S. NPGS accession numbers)

tested for transfo1mation efficiency.
Plant Name
Peredovik
HA 1 1 5
HA 236
HA 89
HA 801
HA 34
HA J l l
HA 271
HA 298
HA 4 1 2
HA 4 1 2HO
HA 280
Mammoth

Plant ID
PI 650338
PI 650577
P1 650592
PI 599773
Pl 599768
Pl 650613
Pl 599789
Pl 599786
Pl 599766
Pl 603993
PI 642777
PI 552943
Garden store

2.2.2 Transformation of GUSPlus into Agrobacterium rhizogelles
GUSPlus was produced by restriction digestion of pANIC8E with Sac! and Pstl.

GUSP!us was then isolated through gel electrophoresis and cleaned up using the GeneJET
Gel Extraction and DNA Cleanup Micro Kit (Thermo Fisher) following manufacturer's
instructions. ApE (A plasmid Editor) was used to determine restriction sites and visualize
all constructs produced in this work. SacI and PstI were also used to cut pORE-E4, and
GUSPlus was then ligated into pORE-E4 using T4 DNA ligase (Thermo Scientific)
following manufacturer's instructions. For Gateway Cloning in pMDC32 and pUBQ l 0
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the GUSPlus sequence was amplified with primers containing attB Gateway sites.
GUSPlus was amplified by PCR using Gateway specific primers and cloned in
pDONR™/Zeo (Thermo Fisher Scientific).

Table 2.2: Primers for Gateway Cloning of GUS Plus gene.

Primers
Sequence
Name:
Forward:
5' caagtttgtacaaaaaagcaggctatggctactactaagcatt 3'
GUSPlus Bl
Reverse:
S' ccactttgtacaagaaagctggttcacacgtgatggtgatggt3'
GUSPlusB2
*Bold letters denote gene-specific sequence
Primers were designed based on the instructions provided by Gateway®
Technology (Thermo Fisher Scientific) (Table 2.2). The PCR was performed following
manufacturer's instructions for Invitrogen™ Platinum™ SuperFi™ Green PCR Master
Mix (Thermo Fisher Scientific) (Table 2.3). Thennal cycling conditions for the PCR were
as follows: [Initial temperature: (98° C for 30 sec) x I X*, (Denaturation: 98°C for 1 0 sec,
Annealing: 72°C for 45 seconds) x 30X*], Final Extension: 72°C for 5 min x l X* and 4°
for oo) (X* denotes the number of cycles). PCR products were then run on a I % agarose

gel at l 50V for I hour.
Attb flanked GUSPlus was purified from the gel by GeneJET Gel Extraction and
DNA Cleanup Micro Kit (Thermo Fisher) following the manufacturer's protocol. The
concentration of product with attB-flanked PCR product of GUS Plus was measured with
the NanoDrop™ Lite spectrophotometer (Thermo Scientific). Gateway® Technology
includes a donor vector pDONR™/Zeo, which has M l 3 forward and reverse priming sites.
The BP reaction was performed according to the instructions provided by Gateway®
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Technology.
Table 2.3: Ingredients for Platinum™ SuperFi™ Green PCR Master Mix for cloning of

GUSPlus.
Ingredients

Volume

dH20

1 8 µL

2X Platinum™ SuperFi™ Green PCR Master Mix

25 µL

Primers (Forward and Reverse) 0.5 µM

2.5 µL each

DNA

2 µL (>50 ng)

Total

50 �tL

The product of the BP reaction was then transformed into SIG l 0-5 alpha
chemically competent E. coli cells by heat shock following the manufacturer's instructions
(Sigma-Aldrich, St. Louis). In short, the transformed £. coli cells were plated onto LB
Lenox plates containing 50 µg/mL Zeocin. Bacteria were spread on three total plates to
insure well-spaced colonies. The plates were kept at 37°C for 1 6 hours to produce sizable
colonies. Isolated colonies were grown in liquid LB Lenox media overnight at 37°C at
250rpm. Plasmids were then extracted following manufacturer's instructions from Thermo
Scientific GeneJET Plasmid Miniprep Kit. These plasmids contained the attL entry clone
ready for the LR reaction. Before the LR reaction was performed pDONR™/Zeo was
confirmed to have the proper insert by restriction digestion using Nhel with an expected
size at 2262 bp. Purified plasmids were sent for sequencing to the DNA Core Sequencing
Facility, 1201 W. Gregory Drive, 334 ERML, Urbana, IL 6 1 80 1 .
One plasmid entry clone with the desired insert confirmed by restriction digestion
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and sequencing was then used in an LR reaction. The LR reaction was done with two
separate binary plasmids pMDC32 and pUBQ L 0. Both vectors are Gateway® compatible
and instructions outlined by Gateway® Technology were followed to complete the LR
reaction.
The resulting LR recombination reactions were then transformed in SIG 1 0-5 alpha
chemically competent cells (Sigma-Aldrich), using heat shock,

following the

manufacturer's instructions. SIG I 0-5 alpha cells containing the LR reaction products were
then plated onto LB Lenox agar plates containing kanamycin 50 µg/mL for 1 6 hours at 37°
C for the growth of bacteria with expression clones. A total of three plates per reaction
were made, and bacteria were spread between them to insure good colony spacing. Isolated
colonies were grown in LB Lenox media with the same antibiotic selection overnight at
37° C at 250 rpm. Plasmid purification was performed according to the manufacturer's
instructions of the Thermo Scientific GeneJET Plasmid Mini prep Kit. DNA concentration
was determined using NanoDrop™ Lite spectrophotometer (Thermo Scientific). The
insertion of GUS Plus was determined through a double restriction digestion using Bsu 151
and Eco32 1 for pUBQ 10 and HindlII and Eco32 I for pMDC32.
Plasmids with the desired insert were then transformed into electrocompetent
Agrobacterium rhizogenes strain K599 using the Bio-Rad Gene Pulser electroporation unit

(Bio-Rad Laboratories, USA) following the manufacturer's instructions. The insert was
then verified once more by double restriction digestion using the same enzymes listed
above.
2.2.3 Genotypic Testing

Thirteen genotypes (Table 2.1) of Helianthus annuus were tested using the protocol
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outlined in Section 1 .5 of Chapter l . Genotypes of both open-pollinated and inbred
varieties were tested to determine transformability.
2.2.4 P-Glucuronidase Detection
To verify transgenic roots in different genotypes, plant teratomas and roots were
removed from the shoots of explants and placed into GUS solution overnight at room
temperature. GUS staining solution was prepared in the same way as outlined in Chapter
1 . The enzymatic reaction was stopped the following morning by replacing GUS solution

with 70% ethanol (Yitha et al., 1 995). Ethanol was replaced as needed until all soluble
pigments were removed from plant material. Transgenic roots were then quantified by
visual selection.
2.2.5 P- Glucuronidase Quantification
A Fluoroselect flurometer (Sigma-Aldrich) was calibrated according to
manufacturer's instructions. Samples were collected by cutting the teratomas and roots
from

3-5

plants transformed with constructs from each of the three promoters. Plant

material was placed in cryo-tubes and stored on ice until all samples were collected then
they were flash frozen with liquid nitrogen and stored at -80° C. Samples were placed on
wet ice and allowed to warm to 4° C and processed with a MiniBeadBeater (Biospec
Products, Bartlesville, OK). 300µL of Extraction Buffer (Table 2.4) were added to each
sample and then samples were returned to wet ice. Samples were spun at 4° C

for t 5

minutes, and 250 µL of supernatant was then transferred to a clean fresh tube.
GUS Assay Buffer was then prepared by adding I 4mg of 4-MUG to 20 mL of the
Extraction Buffer. I mL of Assay Buffer was then added to fresh tubes for each sample.
25 µL of extract for each sample were added to a new tube. Assay buffer consisted of
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Extraction Buffer with 4-MUG added. Tubes were then placed in 37° C and 200 µL were
taken at 5, 35, and 95 minutes. Aliquots were immediately placed in 800 µL of 0.2M
Na2C03 (Stop Buffer).

Table 2.4: Ingredients for Extraction Buffer for GUS enzyme activity analysis.
Ingredients

Volume

I M NaHPQ4 (pH 7)

5 mL

0.5M EDTA

2 mL

1 0% SDS

1 mL

10% Triton X- 1 00

100 µL

B-mercaptoethanol

70 µL

ddH20

91.9 mL

Total

100 mL

Fluorescence was measured at 365nrn excitation in the calibrated fluorometer.
Total protein content of the samples was determined using the BIO-RAD Quick Start™
Protei n Assay Kit (Hercules, CA).

Protein concentration was determined based on

manufacturer's instructions. Enzyme activity was then calculated as pmole 4-MU/min/µg
protein.
2.2.6 S tatistical Analysis

For statistical analysis using SPSS, Independent t-tests were performed against
Peredovik as a control. Significance value was determined as p<0.05. Microsoft Excel
20 1 6 was used to produce graphs.
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2.3 RESULTS
2.3.1 Genotypic Testing

Thirteen varieties were tested for transformation efficiency.

Transformation

efficiency was determined by staining plants in GUS staining solution and those that had
at least one transgenic root were determined to be positive for transformation. Out of all
thirteen varieties tested three groups were apparent: those with good transformation
efficiency, those with medium efficiency, and those with poor efficiency (Fig. 2.1). All
varieties were tested against Peredovik, which was used from the beginning for its high
transformation efficiency. The group with high efficiency includes Peredovik, HA 280,
HA 298, Mammoth, HA 3 1 1 , and HA 801 . The medium group includes the varieties, HA
271 , HA 4 1 2, HA 1 1 5. The low efficiency group was the only group significantly different

than Peredovik in efficiency and it included HA 89, HA 34, HA 412HO, and HA 236.
2.3.2 Transformation confirmation of E. coli

The BP reaction was performed lo place attB flanked GUSPlus into
pDONRTM/Zeo. The reaction was then transformed into £. coli and plasmid was then
purified from these colonies. The plasmid was then verified using restriction digestion
with the enzyme Nhel (Fig 2.2). The LR reaction was successfully transformed into
destination vectors pMDC32 and UBQ l 0, which are both Gateway compatible. £. coli
cells transformed with the LR reaction were then plated onto plates of LB Lenox media
with kanamycin.
Four distinct colonies were placed in LB Lenox broth with kanamycin after 1 6
hours and grown overnight. After purification of plasmids from the LR recombination
reaction, plasmids were restriction digested using Bsu 1 5 1 and £co321 for pUBQ l 0 and
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HindIII

and Eco32 I for pMDC32. The plasmid pMDC32 was digested at 37° C for 5

minutes with Hindlll and Eco32 I followed by

goo

C for I 0 minutes. Purified plasmids

from pMDC32 with the GUSPlus insert were expected to show one band at 3 3 1 g bp, which
was observed (Fig 2.3). The plasmid pUBQlO was digested at 37° C for 5 minutes with
Bsu l 5 I and Eco321 followed by goo C for 1 0 minutes. Purified plasmids from pUBQ I O

with the GUSPlus insert were expected to show one band at 1 9 1 2 bp, which was observed
(Fig 2 4)
.

2.3.3 Transformation confirmation of Agrobacterium rhizoge11es

After plasmid purification from A. rhizogenes K599, a double restriction digestion
was run for both constructs using the same enzymes and reaction conditions as used for
confirmation in E. coli. Band sizes were expected to be 3 3 1 g bp for pMDC32 (Fig 2.5)
and 1 9 1 2 bp for pUBQlO (Fig 2.6), which was observed although the band for pUBQIO is
very faint.
2.3.4 Promoter Testing

To verify the expression efficiency of the three types of promoters used, the
genotype Peredovik was used.

Five plants transformed with the pMDC32 GUSPlus

construct (Fig. 2.7) were used as well as five from UBQ I 0 GUSPlus (Fig. 2.8) and four
from pORE-E4 (Fig. 2.9). GUSPlus enzyme activity was determined using fluorometry.
Transformation efficiency was determined as plants that produced at least one transgenic
root. Activity was then calculated as nano-moles 4-MU/min/mg protein (Fig. 2.10).
Composite plants were placed into hydroponics to allow roots to more fully mature
before functional studies could be conducted. In (Fig. 2 . 1 1 ) a root system from a plant
taken from vermiculite and grown in hydroponics for 24 days·sliows considerable growth.
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After staining (Fig. 2.11) many of the developed roots expressed GUSPlus and were
therefore to be considered transgenic.

2.4: DISCUSSION

Genotype specificity is not uncommon in transformations (Heeres et al., 2002; Lee
et al., 2004; Hoffmann et al., 1997; Zhang and Finer, 2016; Han et al., 2000). Sunflowers

proved no different in our case with vaiiable transformation efficiency across genotypes
(Fig 2.2). This matched findings of another study, that used cotyledons of mature seeds,

where sunflowers had variable transformation frequency (Sujatha et al., 2012). Four
genotypes proved recalcitrant to transformation using the method developed in this project;
HA 89, HA 34, HA 412-HO, and HA 236 were all significantly less efficient than
Peredovik for transformations. All other genotypes did not differ significantly from
Peredovik in transformation efficiency although there was variation between genotypes
(Fig 2.2). HA 4 1 2 and HA 4 1 2-HO show different transformation efficiencies. These two

inbred lines are isogenic, meaning they only differ by a few genes. This makes the
difference in transformability interesting because they are so similar. Perhaps the genes
that make HA 41 2-HO high-oil producing could have some negative effect on the
Agrobacterium but that would need to be tested further. For the four genotypes that were

shown to be recalcitrant it may be possible to improve the efficiency by use of
acetosyringone. Acetosyringone has been shown to induce the vir genes of Agrobacterium
and increase the transformation rate (Guivarc'h et al., 1993). Promoter activity showed
trends that we expected based on fluorometric and protein analysis (Fig 2. 1 1 ). CaMV35S
promoter is expressed the most highly out of all tested promoters which was expected.
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Promoters did appear to be differentially expressed in tissues.
Promoters like tCUP2 and CaMV35S were expressed throughout the roots, while
ubiquitin appeared to be expressed more in the vascular tissue of the root (Fig 2.12).
Promoter activity of tCUP2 and CaMV35S have been reported to be expressed at similar
levels in other studies (Coutu et al., 2007). The ubiquitin promoter is typically reported to
have more moderate expression levels in most plants (Geidner et al., 2009). Given the
results of this trial it can be said that all three promoters tested are useful for sunflower
transfo1mation.

2.5 CONCLUSION

The method described in Chapter 1 is useful for a number of varieties. Some
genotypic specificity is present but nine of the thirteen varieties tested provided satisfactory
results. All promoters tested showed good activity in sunflower and therefore can be used
in future work. These findings add credibility to the protocol described in Section 1.5 as
well as identifying new inbred lines that lend themselves easily to transformations.
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Figure 2.1: Transformation efficiency ratio of various sunflower varieties. Proportion

of plants that fonned at least one transgenic root.

Significantly different propo1tions
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Figure 2.2: Cloning of GUSPlus in

pDONRTM/Zeo. GUSPlu s verified in pDONR™/Zeo

using Nhel resu·ietion enzyme. Lane 1 : 1 kb ladder, Lane 2-5: Independent colonies
GUSPlus in pDONR™/Zeo. All colonies are posi t i ve for GUSPlus.
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Figure 2.3: pMDC32 GUSPlus confirmation in E. coli. Double restriction digestion

with Hindll l and Eco32 l of four purified plasmids after E. coli transformation. Lane l : I
kb plus DNA ladder. Lane 2-5: Isolated plasmids from independent colonies after £. coli
transformation. Lane 6: Binary pMDC32 empty vector as a negative control. All four
plasmids contain GUSPlus. Colony I (Lane 2) was used for Agro transformation.
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Figure 2.4: p U B Q l O GUSPlus confirmation in E. coli. Double restriction digestion with
Bsu 1 5 1 and Eco32 I of four purified plasmids after £. coli transfonnation. Lane l : I kb

plus DNA ladder. Lane 2-5: Isolated plasmids from independent colonies after £. coli
transformation. Lane 6: Binary pUBQ I 0 lacking GUS Plus inse1t as negative control.
Plasmids in lanes 2,3, and 5 contain GUSPlus. Colony 1 (Lane 2) was used for Agro
transfonnation.
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Figure 2.5: pMDC32 GUSPlus confirmation in A. rhi-;,ogenes.

digestion with
transformation.

Hindill and Eco32 l

of

Double restriction

four purified plasmids after A.

Lane l : I kb plus ONA ladder.

rhizogenes

Lane 2-5: Isolated plasmids from

independent colonies after A. rhizogenes transformation. Lane 6: Binary pMDC32 Jacking
GUSPlus insert as negative control. All four plasmids contain GUSPlus. Colony
2) was used for plant transfonnations.
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2.6: pUBQIO GUSPlus confirmation in

A. rhizogenes.

Double restriction

digestion with Bsu 1 5 1 and Eco32 I of two purified plasmids after A. r'1izoge11es
tra11sformation. Lane 1 : 1 kb plus DNA ladder. Lane 2: Isolated plasmids after
rhizogenes transformation.

A.

Lane 3: £. coli colony I from (Fig 2.5) as control. A.

rhizoge11es produced a very faint band but does contain GUSPlus. Lane 4: Empty vector.

Colony l (Lane 2) was used for plant transfonnations.
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Figure 2.7: pMDC32GUSPlus plasmid.
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Figure 2.10: Promoters activity.

(a) Promoter activity per µg protein, based on

fluorometric analysis of4-MU. Values are averages offive plants for pMDC32, four plants
for pUBQtO, and two plants for pORE-E4 ± SE.

(b) From left to right: pMDC32-G+,

pUBQ 10 G+, pORE-E4. Roots stained with GUS staining solution, differential expression
is visualized between pMDC32, p0RE-E4 and pUBQ 10.
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Figure 2.1 1 : Root system of composite plant taken from hydroponics. (a) Shows
roots transformed with K599 pMDC32 GUSPlus removed from hydroponics after three
weeks and

(b) shows the same root system stained overnight in GUS staining solution.

Note the presence of many transgenic roots present in comparison to the low number of
non-transgenic roots.

51

CHAPTE R 3

APPLICATIONS O F THE ESTABLISHED PROTOCOL

3.1 INTRODUCTION
The protocol established in this work has many possible applications and uses. In
this chapter, we outline two possible ways to apply it to functional studies. Nutrient
deficiency response and an increase in lateral root formation are two important factors in
determining the overall survivability of plants in stressful conditions (Sanchez, 2002; Feng
et al., 2012). The use of hydroponics allows us easy access to roots for continued study as

roots mature.
Drought is an important consideration in plant breeding, since it accounts for the
largest portion of monetary damages due to weather in the United States (Elliott et al.,
201 8).

It is of vital importance to identify and characterize genes related to stress

adaptation (Sala et al., 2012) and root development (Petricka et al., 201 2). Roots are of
key importance because they provide structural support to the plant as well as acquire
nutrients and water assuring the survival and growth of the plant (Petricka et al., 2012).
Prime example ofthe transcription factors that affect roots and need to be characterized are
the family LBD (Lateral Organ Boundaries Domain) (Okushima et al., 2007; Shuai el al.,
2002; Yordanov et al., 2010) and NAC (Ren et al., 201 8). These studies will potentially

uncover new candidate genes involved in root development that will require further
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characterization. The recent availability of the sunflower genome (Badouin et al., 2017)
will allow for genome-wide characterization of many gene families (Plasencia et al., 2016).
Previous studies involving A rabidopsis thaliana mutants lacking LBD 1 6 showed a
reduction in lateral root formation, while transformants with an overexpression cassette
containing LBD 1 6 showed a significant increase in lateral root production (Feng et al.,
2012). Genes in the LBD family have been shown to influence the development oflateral
root primordia (Lee et al., 2009; Okushima et al., 2007). LBD 1 6 is impo1tant in the auxin
response of lateral root formation (Lee et al., 2009). LBD 1 6 lies downstream of ARF's,
auxin response factors, which target LBD genes (Fan et al., 2012)
Nutrient deficiency, especially the lack of certain macronutrients, is a key limiting
factor in yields of crops across the world (Sanchez, 2002). Nitrogen is a vital element for
plant growth, necessary for chlorophyll production as well protein production across the
whole plant (Hermans et al., 2006). Nitrogen deficiency, as are other nutrient deficiencies,
is often characterized by the increased proportion of root-to shoot growth (Marschner,
201 1 ), meaning that plants subject to nitrogen stress will have more dry mass in roots per
total mass. Plants under nitrogen stress often allocate and increased propo1tion of carbon
to underground growth (Hermans et al., 2006).
Two experiments were conducted to demonstrate the applications of the method
developed. One experiment was a functional study characterizing LBD 1 6 with both an
over-expression and down-regulation of the gene. The second experiment was a nutrient
deficiency study, with low nitrogen as a treatment.
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3.2 MATERIALS AND METHODS
3.2.1 LBD16 cloning
RNA was extracted from leaves and roots of sunflowers from the genotype 4 l 2HO
using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich). Single strand copy DNA (ss
cDNA) was produced from RNA using the RevertAid First Strand cDNA Synthesis
(Thermo Scientific) (Table 3.1) and then LBD16 was amplified by PCR.

Table 3.1: Ingredients for RevertAid First Strand cDNA Synthesis
Volume/Mass

Ingredients

RNA

5 µg

Oligo (dT1s) primer

I µL

Water

6 µL

5x Reaction Buffer

4 µL

RiboLock RNase inhibitor

I µL

1 0 mM dNTP mix

2 µL

RevertAid RT (200 UhLL)

I µL
20 µ L

Final Volume

Primers were designed based on the instructions provided by Gateway®
Technology (Thermo Fisher Scientific) (Table 3.2). The PCR reaction was performed
following manufacturer's instructions for Invitrogen™ Platinum™ SuperFi™ Green PCR
Master Mix (Thenno Fisher Scientific)(Table 3.3).
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Thermal cycling conditions for the PCR were as follows: [lnitial temperature: (98°
C for 30 sec) x I X*, (Denaturation: 98°C for 1 0 sec, Annealing: 58°C for 1 0 seconds,
Extension: 72°C for 60 seconds) x 30X* Final Extension: 72°C for 5 min x I X* and 4° for
co] (X* denotes the number of cycles). PCR products were then run on a 1 % agarose gel

at 1 50V for 1 hour
Table 3.2: Primers for Gateway Cloning of LBDl 6 gene

Primer
Name:

Sequence

Forward
5' ggggacaagtttgtacaaaaaagcaggctatggcaactgtt gctgctgg 3'
HA LBD16 Bl
5' ggggaccactttgtacaagaaagctgggtttagttcctcatc attctaac 3'
Reverse
HA LBD16 82
*Bold letters denote gene-specific sequence

Table 3.3: Ingredients for Platinum™ SuperFi™ Green PCR Master Mix for LBD I 6

cloning
Volume

Ingredients

dH20

18µL

2X Platinum™ SuperFi™ Green PCR Master Mix

25µL
2.5µL each

Primers ( Forward and Reverse) 0.5 µM
DNA

2µL(>50 ng)

Total

50µL

Attb flanked LBD 1 6 was purified from the gel by GeneJ ET Gel Extraction and
DNA Cleanup Micro Kit (Thermo Fisher) following the manufacturer's protocol. The
concentration of product with attB-flanked PCR product of LBD 1 6 was measured with the
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NanoDrop™ Lite spectrophotometer (Thermo Scientific) (Fig. 3.1).

Gateway®

Technology includes a donor vector pDONR™/Zeo, which has M l 3 forward and reverse
priming sites which are useful for sequencing. The BP reaction was performed according
to the instructions provided by Gateway® Technology.
The product of the BP reaction was then transformed into SIG 1 0-5 alpha
chemically competent E. coli cells by heat shock following the manufacturer's instructions
(Sigma-Aldrich, St. Louis). In short, the transfo1med £. coli cells were plated onto LB
Lenox plates containing 50 µg/mL Zeocin. Bacteria were spread on three total plates to
insure well-spaced colonies. The plates were kept at 37°C for 1 6 hours to produce sizable
colonies. Isolated colonies were grown in liquid LB Lenox media overnight at 37°C at 250
rpm. Plasmids were then extracted following manufacturer's instructions from Thermo
Scientific GeneJET Plasmid Miniprep Kit. These plasmids contained the attL-containing
entry clone ready for the LR reaction.

Plasmids were then verified using restriction

digestion with the enzymes EcoRV and Apal (Fig 3.2). Purified plasmids were sent for
sequencing to the DNA Core Sequencing Facility, 1201 W. Gregory Drive, 334 ERML,
Urbana, IL 6 1 80 1 .
A plasmid entry clone with the desired insert confirmed by restriction digestion and
sequencing were then used in an LR reaction. The resulting LR recombination reactions
were then transformed in SIG I 0-5 alpha chemically competent cells, using heat shock,
following the manufacturer's instructions. SIG 10-5 alpha cells containing the LR reaction
products were then plated onto LB Lenox agar plates containing kanamycin
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µg/mL for

1 6 hours at 37° C for the growth of bacteria with expression clones. A total of three plates

per reaction were made, and bacteria were spread between them to insure good colony
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spacing.

Isolated colonies were grown in LB Lenox media with the same antibiotic

selection overnight at 37° C at 250 rpm. Plasmid purification was performed according to
the manufacturer's instructions of the Thermo Scientific GeneJET Plasmid Mini prep Kit.
DNA concentration was determined using NanoDrop™ Lite spectrophotometer (Thermo
Scientific). Plasmids were verified using EcoRI restriction digestion.
Constructs for RNAi and overexpression were prepared with both GUSPlus using
the tCUP promoter, and LBD 1 6 using the CaMV35S promoter. Plasmids with the desired
insert were then transformed into electrocompetent Agrobacterium rhizogenes strain K599
using the Bio-Rad Gene Pulser electroporation unit (Bio-Rad Laboratories, USA)
following the manufacturer's instructions. The insert was then verified once more by
restriction digestion using the same enzyme listed above.
After being inserted into Agrobacterium rhizogenes and confirmed by restriction
digestion, composite plants were produced using the method described in Chapter 1.5 of
this work. After removal from vermiculite plants (Fig. 3.2) were placed in hydroponics
for two weeks to further develop the roots. Plants were then removed and lateral roots
were quantified.
3.2.2 Nitrogen deficiency

Composite plants transformed with A. rhizogenes K599 pORE-E4 GUSPlus were
placed in hydroponics under low nitrogen.

�

strength MS media was used as a control and

a � strength MS media solution lacking nitrogen was prepared (Wei Hairong et al., 2013).
Five plants were placed in the low nitrogen treatment and 3 plants were placed in the
control treatment. After five weeks in hydroponics, plants were removed and placed in a
drying oven (60°C) for one week to determine dry weight.
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3.2.3 Statistical Analysis

For statistical analysis using SPSS, independent t-tests were performed between
low nitrogen and the control treatment. Significance value was determined as p<0.05.
Microsoft Excel 201 6 was used to produce graphs.

3.3 RESULTS
3.3.1 LBD16 cloning

After RNA extraction and ss-cDNA synthesis, LBD16 was amplified using PCR
from both leaf and root samples. The resulting product was run in a l % agarose gel to
determine size and PCR efficiency. Expected size of the LBD 1 6 gene was 679 bp and the
PCR product showed a band at just under 700 bp, confirming the presence ofLBDI6 (Fig
3.1). PCR products flanked with attB sites were then BP cloned into pDONR™/Zeo.

Using double restriction digestion with the enzymes Apal and EcoRV the insert was
verified (Fig 3.2). Plants transformed with LBD16 over-expression (1 60E) and LBDl6
RNAi ( 1 6i) were produced using the method described in Chapter 1.5. Surplus plants
were stained in GUS staining solution to visualize the expression of GUSPlus and observe
the morphology of transgenic roots (Fig 3.3). pORE-E4 GUSPlus was used as a control.
3.3.2 Nitrogen deficiency

p0RE-E4 GUSPlus composite plants were placed into hydroponics to show that
transgenic roots behave in a similar fashion to wild-type roots when subjected to nutrient
deficiencies.

Roots followed the expected pattern; proportionally more roots were

developed in the plants subjected to nitrogen stress (Fig. 3.4). Root-to-shoot ratios were
higher in nitrogen deficient plants.
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3.4 DISCUSSION

LBD 1 6 has been found to be directly or indirectly affected by auxin response
factors, which in turn regulate lateral root formation (Fan et al., 2012). LBD 1 6 was
successfully cloned from sunflower and amplified using PCR (Fig 3.1). RNAi and over
expression cassettes were created expressing LBD 16. These expression cassettes were
then transferred to sunflower using the method described in Chapter 1.5 of this work.
LBD 1 6 was successfully expressed in sunflower using this method. LBD 16, when over
expressed shows a significant increase in lateral root formation (Feng et al., 201 2). 1 60E
showed more branching than 16i, which was to be expected. The control p0RE-E4 should
exhibit a normal amount of branching, and it shows very small lateral roots formed but is
not as widely branched as 1 60E (Fig 3.3). Further characterization will give more insight
into role of LBD 1 6 in lateral root development in sunflower.
Hydroponic systems have been developed for plants such as Arabidopsis to test
root plasticity under nutrient deficiencies as well as physiological studies (Conn et al.,
2013; Gruber et al., 2013). Nitrogen is a key element in the formation of chlorophyll and

proteins in plants (Hermans et al., 2006), and its deficiency is characterized by an increase
in the proportion of root to shoot dry weight in plants (Marschner, 201 1 ; Hermans et al.,
2006).

In our experiment, sunflowers were placed in

nitrogen. Control plants were placed in un-altered

�

�

strength MS media without

strength MS media. No significant

difference was found between treatments of composite plants but the treatment without
nitrogen did show an increase in the proportion of root-to-shoot dry weight (Table 3.4).

59

Plants subjected to low nitrogen showed elongated intemodes and longer exploratory roots
(Fig. 3.5).

3.5 CONCLUSION

The method described in Chapter l can be applied to a variety of functional
studies. Through the use of hydroponics it can be easily adapted to nutrient deficiency
studies. This method also lends itself to functional studies on the morphological changes
of over-expression and down-regulation of ce11ain genes.

Table 3.4: Fresh and dry weights for composite plants subjected to low nitrogen and

controls.
Treatment

Aboveground

Aboveground

Belowground

Below ground

FW (g)

DW (g)

FW (g)

DW (g)

Low N

1 8. 1 2

2.86

7.07

0.56

Low N

1 1 .85

1 .69

10.50

0.69

Low N

10.5 1

1 .66

8.58

0.61

Low N

1 1 .75

2.03

13.35

0.72

Low N

12.37

1 .92

1 0.43

0.70

Control

60.78

6.08

27.78

1.79

Control

58.68

5.66

20.80

1.47

Control

44.54

4.07

1 9.61

1.15

60
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679 bp

Figure 3 . 1 :

PCR of HA-LBD 16. PCR product of cDNA amplification of HA-LBD 16.

Band present at expected size of 679 bp.
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Figure 3.2: Restriction verification of LBD16 cloning in pDONR™/Zeo. Restriction

digestion using Apal and EcoRV. Band present at 837 bp indicates LBD16 is present.

Figure 3.3: LBD16 transgenic roots. From left to right HaLBD16 over-expression

( l 60E), HaLBD 1 6 RNAi ( l 6i), pORE-E4 (control). l 60E shows more root branching than
p0RE-E4 and 16i.
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Figure 3.4: Nitrogen deficiency root-to-shoot dry weight. The proportion of dry matter

in roots per dry matter in above ground tissues in composite plants. Values are averages
of five plants for low nitrogen and three plants for control ± SE.
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Figure 3.5: Nitrogen deficiency: morphological differences. Control plant (Left) and

low nitrogen plant (Right). Note, low nitrogen plants show pale green color, smaller
leaves, and elongated intemodes, as well as more exploratory roots.
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